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Activationrane Ca2+ pump (isoform 4xb) was expressed in Saccharomyces cerevisiae and
puriﬁed by calmodulin-afﬁnity chromatography. Under optimal conditions the recombinant enzyme
(yPMCA) hydrolyzed ATP in a Ca2+ dependent manner at a rate of 15 μmol/mg/min. The properties of
yPMCA were compared to those of the PMCA puriﬁed from human red cells (ePMCA). The mobility of yPMCA
in SDS-PAGE was the expected for the hPMCA4xb protein but slightly lower than that of ePMCA. Both
enzymes achieved maximal activity when supplemented with acidic phospholipids. However, while ePMCA
in mixed micelles of phosphatidylcholine-detergent had 30% of its maximal activity, the yPMCA enzyme was
nearly inactive. Increasing the phosphatidylcholine content of the micelles did not increase the activity of
yPMCA but the activity in the presence of phosphatidylcholine improved by partially removing the detergent.
The reactivation of the detergent solubilized yPMCA required speciﬁcally acidic lipids and, as judged by the
increase in the level of phosphoenzyme, it involved the increase in the amount of active enzyme. These
results indicate that the function of yPMCA is highly sensitive to delipidation and the restitution of acidic
lipids is needed for a functional enzyme.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
The homeostasis of cytosolic Ca2+, essential for proper functioning
of all eukaryotic cells, is accomplished by several mechanisms, one of
which is the Ca2+ extrusion to the extracellular medium, by the plasma
membrane Ca2+-ATPase (PMCA). The PMCA are primary ion pumps
which belong to the P2B-family of autoinhibited P-ATPases [1]. The
autoinhibition is modulated primary by direct interaction with
calmodulin and acidic lipids, although other mechanisms including
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l rights reserved.activation [2–4]. Four genes designated PMCA1–4 code for PMCA in
humans, and a diversity of isoforms is generated by alternative
splicing of the primary transcripts [5].
Despite its relevant cellular function the PMCA is a scarce protein.
In erythrocytes it has been estimated to account for 0.1% of the total
membrane protein [6]. As with other integral membrane proteins, the
progress of structural and functional studies of the PMCA is heavily
dependent on the ability to produce high amounts of the wild-type
and mutant variants of the protein by using efﬁcient overexpression
systems. Up to now only overexpression in mammalian and insect
cells has been used to obtain PMCA in amounts enough for
biochemical analysis [7–12]. Here we report the successful use of
Saccharomyces cerevisiae as a host for the expression of a human
PMCA isoform 4xb. This isoform is the most abundant PMCA of
human erythrocytes which also contain lower amounts of isoform 1
[13]. Yeast membranes containing the expressed protein were
solubilized and a puriﬁed preparation of hPMCA4xb was obtained
(yPMCA). With the initial intention of verifying the properties of the
recombinant enzyme, we performed experiments using the PMCA
from erythrocytes (ePMCA) as a standard. Under optimal conditions
both PMCA preparations exhibited a similar behavior. Unexpectedly
we found that the function of the yPMCA enzyme was particularly
sensitive to detergents and much more dependent on the restitution
of acidic lipids.
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2.1. Chemicals
Polyoxyethylene-10-laurylether (C12E10), n-dodecyl-β-maltoside
(DDM), L-phosphatidylcholine Type X-E from dried egg yolk, L-α-
phosphatidylcholine type XVI-E (Sigma) from fresh egg yolk, Brain
extract (BE) Type I Folch Fraction I from bovine brain containing
approximately 10% phosphatidylinositol, 50% phosphatidylserine, and
other lipids, phosphodiesterase 3′,5′-cyclic nucleotide activator
(calmodulin) from bovine brain, calmodulin-agarose, calcimycin
(A23187), trypsin, ATP (disodium salt, vanadium-free), SDS, yeast
synthetic drop-out media supplement without leucine, yeast nitrogen
base without amino acids, dextrose, and all other chemicals were
obtained from Sigma. Tryptone and yeast extract were from Difco.
[-32P]ATP was provided by PerkinElmer Life Sciences (Boston, MA).
Salts and reagents were of analytical reagent grade.
2.2. Yeast strain, transformation, and growth media
S. cerevisiae strain DBY 2062 (MATa his4–619 leu2–3,112) [14] was
used for expression. Yeast cells were transformed with the pMP625-
hPMCA4xb vector containing a Leu+ marker and the PMAI promoter
and the coding sequence of hPMCA4xb. For transformation with the
plasmid construct a lithium acetate/polyethylene glycol method was
utilized [15]. The cells were grown in complete media (0.75% yeast
extract, 1.13% tryptone, 2.2% dextrose), and transformants were
selected for their ability to grow in the absence of leucine on plates
containing 6.7% yeast-nitrogen base without amino acids (YNB), 0.67%
complete supplementedmediumminus Leu (Leu−), 2.2% dextrose, and
1.5% agar.
2.3. Membrane isolation and puriﬁcation of yPMCA
Total membranes from four liters of yeasts expressing the PMCA
proteinwere obtained as previously described [16,17]. Themicrosomal
membranes (about 200 mg of microsomal protein) were suspended in
a puriﬁcation buffer containing 20 mM MOPS-K, pH 7.4 at 4 °C, 20%
glycerol, 130 mM KCl, 1 mM MgCl2, 2 mM dithiothreitol, 1 mM
phenylmethylsulfonyl ﬂuoride, 0.5 mM CaCl2, homogenized in a glass
homogenizer, and solubilized at 4 °C for 10 min by adding 2 g of C12E10
or DDM per g of total membrane protein. The ﬁnal volume of
solubilization was adjusted in order to keep constant the concentra-
tion of detergent at 0.5%. Alternatively, microsomal fractions were
solubilized in the former media but with the addition of 0.1% L-α-
phosphatidylcholine type X-E from dried egg yolk (Sigma) previously
suspended in distilled water for 12 h and sonicated. The PMCA was
puriﬁed from the solubilizate by calmodulin-afﬁnity chromatography
as described previously [6,16–18]. The puriﬁed protein was recovered
in elution buffer (same composition of puriﬁcation buffer except for
the addition of 0.05% C12E10 and 1 mM EGTA instead 0.5 mM CaCl2).
When the puriﬁcation was done in the presence of exogenous lipids
they were added during solubilization and maintained at a constant
concentration of 0.1% throughout the puriﬁcation protocol. The eluate
fractions of higher protein content were pooled, aliquoted and kept in
liquid N2.
2.4. Membrane Isolation and Puriﬁcation of ePMCA
400 ml of fresh human erythrocytes were centrifuged at 3000 ×g
for 5 min, washed twice with 150 mMNaCl, and lysed in 1.5 l of 1 mM
CDTA, 10 mM Tris–HCl, pH 7.8 at 4 °C (buffer I).The hemolysate was
then centrifuged at 16000 ×g for 20 min. The pellet was thoroughly
washed several times with buffer I, resuspended in 10 mM MOPS-K,
pH 7.8 at 4 °C, and frozen at −80 °C. The frozen ghosts were thawed,
centrifuged at 16,000 ×g for 20 min and the pellet was thenresuspended in 10 ml of puriﬁcation buffer, homogenized, and
solubilized by the addition of 2 g of C12E10 per g of total ghost protein
with or without 0.1% PC (L-α-phosphatidylcholine type X-E from dried
egg yolk Sigma) and the ePMCA was puriﬁed using the same protocol
described above for the yPMCA.
2.5. Protein assay
The protein concentrationwas initially estimated by the method of
Bradford [19] using bovine serum albumin as a standard. To achieve a
better assessment of the content of PMCA protein in each preparation,
the samples were analyzed by SDS-PAGE using bovine serum albumin
as a standard, and the intensity of the bands was compared after
staining the gels with Coomassie Blue.
2.6. Removal of detergent from the puriﬁed PMCA in mixed micelles of
lipid-detergent
A modiﬁcation of the protocol described by Hao et al. [20] was
followed. Brieﬂy, 1 ml of puriﬁed PMCA (20 µg of protein) was added
to 250 µl of a previously sonicated mixture of 2.89% of the lipid
indicated in each experiment and 5.70% of C12E10. After 5 min 0.25 g of
prewashed wet SM-2 Bio-Beads (Bio-Rad) were added and the
mixture was stirred at room temperature for 30 min before the Bio-
Beads were separated by ﬁltration and the enzyme was directly used
for the activity measurements.
2.7. Western blotting and protein staining
Proteins were electrophoresed on a 7.5% acrylamide gel according
to Laemmli [21] and revealed by Coomassie Blue staining, or
subsequently electrotransferred onto Millipore Immobilon P mem-
branes. Nonspeciﬁc binding was blocked by incubating the mem-
branes overnight at 4 °C in a solution of 160mMNaCl, 0.05% Tween 20,
and 1% non-fat dry milk. The membranes were incubated for 1 h with
antiPMCA monoclonal antibodies [22,23] from ascitic ﬂuid (dilution
1:1000). For staining, biotinylated anti mouse immunoglobulin G and
avidin-horseradish peroxidase conjugate were used.
2.8. Proteolytic digestion of PMCA
Limited proteolysis of the puriﬁed proteinswas carried out at 37 °C.
50 ng of protein were treated with trypsin at a ratio ATPase/trypsin of
10:1 (by mass). The digestion was stopped by the addition of 2.2 µg
aprotinine. The samples were suspended in electrophoresis sample
buffer and the proteolytic fragments were analyzed by SDS-Page and
Western Blot.
2.9. Ca2+-ATPase activity
The Ca2+-ATPase activity was estimated from the release of [32P]Pi
from [-32P]ATP at 37 °C [24]. 1 μg of puriﬁed ATPase suspended in
100 µl of elution buffer was used for each determination. When
indicated the enzyme was supplemented by adding 0.57% C12E10 and
0.29% of either PC (L-α-phosphatidylcholine type XVI-E Sigma from
fresh egg yolk) or a mixture of acidic lipids (BE). The suspension was
thoroughly mixed and preincubated for at least 10 min on ice before
being added to the ATPase reaction medium containing 50 mM
HEPES-K (pH 7.0 at 37 °C),100mMKCl, 4mMMgCl2, 500 µMEGTA and
enough CaCl2 and calmodulin to give the concentrations of Ca2+ and
CaM indicated in each experiment. The ﬁnal volume of the ATPase
reaction was 0.3 ml. The tubes were transferred to a water bath at
37 °C and the reaction was initiated by adding 3 mM [-32P]ATP. The
reaction was terminated by acid denaturation after 30 min. The free
Ca2+ concentration in reaction medium was calculated using the
Fabiato and Fabiato program [25] using the Blinks constants for EGTA/
Fig. 2. (A) Electrophoretic mobility of PMCA puriﬁed from human red cells (e) and
hPMCA4xb puriﬁed from yeasts (y). 50 ng of puriﬁed proteins were loaded in each lane,
and submitted to electrophoresis in a 7.5% polyacrylamide gel. The proteins were
transferred to PVDF, and the PMCA protein was revealed with antiPMCA antibodies
indicated in the ﬁgure. (B) Proteolysis of the ePMCA puriﬁed from human red cells (e)
and hPMCA4xb puriﬁed from yeasts (y). 50 ng of PMCA protein was digested as
described in “Materials and Methods” at 37 °C for the times indicated in the ﬁgure and
then submitted to SDS-PAGE and the PMCA peptides were identiﬁed using a mixture of
antibodies JA9, 5F10 and JA3.
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PMCA in after de removal of C12E10 was measured using a similar
protocol except that the reaction media contained 5 µM of calcimycin.
2.10. Thermal stability
The enzymes were incubated for 5 min at increasing temperatures
and the residual Ca2+-ATPase activity was determined. The results
were adjusted to a sigmoid curve to obtain the Tm (temperature at
which the activity drops to 50% of its initial value after the incubation
period).
2.11. Phosphorylation of PMCA
1.5 µg of puriﬁed ATPase in 50 µl of elution buffer were
supplemented with 0.57% C12E10 and 0.29% of lipids, preincubated
for at least 10 min on ice before being phosphorylated at 4 °C in
0.25 ml reaction buffer containing 50 µM Tris–HCl pH 7.6 at 4 °C with
or without 100 µM free Ca2+ plus 500 µM LaCl3. The reaction was
started by the addition of 30 µM [γ32P]-ATP and was stopped after
180 s with 8% ice-cold trichloroacetic acid. After adding 20 µg of
bovine serum albumin, the denatured proteins were collected by
centrifugation at 10,000 ×g for 10 min, washed once with 8%
trichloroacetic acid and once more with distilled water. The
precipitated protein was suspended in sample buffer and separated
by acidic SDS-PAGE.
3. Results
3.1. Expression of yPMCA
The cDNA coding for the human isoform 4xb was cloned into the
vector pMP625 for constitutive expression under the control of the
strong PMA1 promoter, and the construct was used to transform S.
cerevisiae DBY2062. Total microsomal membranes from yeasts were
isolated and the proteins separated by electrophoresis in SDS gels (Fig.
1A). No differences were observed between membranes from
transformed and non-transformed cells when the proteins were
revealed by coomasie blue staining. However, immunoblots of yeast
membranes using anti PMCA antibody 5F10 showed an intense band
corresponding to the expressed hPMCA4xb (Fig. 1B).
Yeast membranes were solubilized with the detergent C12E10, and
the PMCA protein was puriﬁed by calmodulin afﬁnity chromatogra-Fig. 1. Expression of hPMCA4xb in yeast membranes. (A) 30 μg of crude membranes
either from non transformed yeasts (lane −) or DBY2062 cells transformed with the
plasmid pPM625-hPMCA4xb (lane +) were separated by SDS-PAGE and stained with
Coomasie Blue. P, 0.5 μg of puriﬁed yPMCA; M, molecular size markers. (B) Immunoblot
of crude membranes from non-transformed (−) or transformed (+) yeast membranes.
6 μg of protein from yeast membranes were transferred to PVDF and the PMCA was
revealed with antibody 5F10 as described in “Materials and methods”.phy. Judging by the ratio between the intensity of the bands in
coomasie blue stained SDS-PAGE gels the yPMCA represented more
than 90% of the total content of protein of the puriﬁed yPMCA. About
10–25 μg of puriﬁed PMCA were obtained per liter of yeast culture
which represents about 0.05% of the total microsomal protein. A
similar yield of puriﬁed ePMCA was obtained from human red cell
membranes using the same puriﬁcation protocol.
As shown in Fig. 2A, the recombinant hPMCA4xb produced in
yeasts migrated slightly slower than the PMCA from human red cells.
This agrees with previous reports of the lower mobility of the
recombinant hPMCA4xb expressed in other expression systems when
comparedwith the enzyme from erythrocytes [8]. Like the ePMCA, the
yPMCA was also recognized by antibodies JA9 and JA3 which react
with epitopes located at amino acids 51–75 and 1156–1180,
respectively [22,23].
The difference in the mobility between yPMCA and ePMCA was
investigated by limited trypsinolysis. As shown in Fig. 2B even at time
0 of proteolysis both preparations showed the presence of small
amounts of protein fragments that probably resulted from proteolysis
of the full-length protein by endogenous proteases. In either the
yPMCA or the ePMCA the most abundant product of endogenous
proteolysis had a migration expected for the C-terminally truncated
120 kDa. This peptide was not revealed by antibody JA3 (Fig. 2A),
consistently with the idea that it had lost the C-terminal segment of
the pump. In addition the yPMCA showed the presence of a smaller
amount of a peptide whose mobility was near that of the ePMCA
Fig. 3. Thermal inactivation proﬁle for the Ca2+-ATPase activity of the yPMCA (empty
circles) and ePMCA (ﬁlled circles) enzymes in BE-C12E10 micelles. After supplementation
with the lipid the enzymes were preincubated for 5 min at different temperatures and
the Ca2+-ATPase activity was measured for 30min at 37 °C as described in Materials and
Methods. The concentration of Ca2+ and ATP were 1 μM and 3 mM respectively. The
activity of each enzyme after preincubated for 5 min at 37 °C was taken as 100%. The
lines represent the best ﬁt of the data given by the equation V=Vm/(1+e− (− t− t50)/b) with
the following values yPMCA Vm=100%, b=−1.4±0.2, t50=45.4±0.1 °C and ePMCA
Vm=99%, b=−1.6±0.2,t50=46.4±0.3 °C.
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yPMCA and ePMCA showed similar migration suggesting that a
small fragment involved in the reduction in size of yPMCA to that of
the ePMCA was released from the yPMCA at the early stages of
proteolysis and was not detected.
3.2. Functional state of yPMCA
The function of the yPMCAwas assessed bymeasuring its ability to
hydrolyze ATP and comparing it to that of the ePMCA puriﬁed by an
identical protocol (Table 1). The enzymes were puriﬁed according to
the protocol described by KosK-Kosicka et al. [18] except that the
detergent C12E10 was used to solubilize the membranes instead of
C12E8. Because in this case the puriﬁcation is done without the
addition of exogenous lipids, this preparation was shown to yield a
delipidated enzyme [26]. The ePMCA puriﬁed in this way had very low
Ca2+-ATPase activity while the activity of the yPMCA was not
detectable at all. When the ePMCA enzyme was supplemented with
PC just before the activity measurement it exhibited a Ca2+-dependent
ATPase of 3.8 μmol/mg/min. By contrast the yPMCA enzyme
supplemented with PC exhibited a low activity that accounted for
6% of that of ePMCA. As expected the addition of 2 μM calmodulin
stimulated the ePMCA increasing the activity about 3 fold. However
the addition of calmodulin had only a minimal effect on the activity of
the yPMCA.
The activity and the stability of the PMCA are optimal in the
presence of acidic lipids (BE). Accordingly, the activity was assayed
after supplementing the delipidated enzymes with BE. In this
condition the activity of ePMCA increased about 3.5 fold reaching a
value a little higher than that attained after the stimulation by
calmodulin of the enzyme supplemented with PC. Remarkably, the
addition of BE stimulated more than 12 fold the activity of the yPMCA
which reached a value corresponding to 25% of the activity of ePMCA.
These data show that the yPMCA was differentially sensitive to
reactivation by acidic lipids. In the presence of BE the addition of
calmodulin did not produce a further stimulation of the activities of
either enzyme.
Because the lower activity of the yPMCA could result from the
inactivating effect of the detergent used during the puriﬁcation, it was
of interest test a different detergent. To this end the yPMCA was
puriﬁed after the solubilization of yeast membranes with DDM. The
yPMCA puriﬁed with DDM and supplemented with BE prior to the
measurement of activity was about 3.5 times more active than that
puriﬁed using C12E10. Thus, when exogenous lipids where not addedTable 1
Comparison of the Ca2+-ATPase activity of the yPMCA and ePMCA enzymes in mixed
lipid detergent micelles
Ca2+-ATPase activity (μmol/mg/min)
yPMCA ePMCA
PMCA puriﬁed without added phospholipids
C12E10 0.00±0.05 0.33±0.03
C12E10/PC 0.26±0.05 3.81±0.17
C12E10/PC/CaM 0.32±0.06 9.93±0.40
C12E10/BE 3.24±0.04 13.00±0.60
C12E10/BE/CaM 3.04±0.19 13.89±1.40
DDM/PC 0.50±0.05
DDM/BE 11.87±0.29
PMCA puriﬁed with the addition of exogenous phospholipids
C12E10/PC 0.66±0.02 6.50±0.10
C12E10/BE 14.83±0.60 14.77±0.02
The solubilization, puriﬁcation and assays of ATPase activity were done as described
under Material and Methods. When exogenous phospholipids were added L-α-
phosphatidylcholine type X-E from dried egg yolk was used. The Ca2+-ATPase activity
was measured in a reaction media containing 3.8 μM Ca2+ for 30 min at 37 °C. When
CaM indicated was present at a ﬁnal concentration of 2 μM. The results are presented as
mean±SD for three determinations.during the puriﬁcation, DDM preserved the yPMCA activity better
than C12E10. However, despite the use of DDM during the puriﬁcation,
the activity of the yPMCA supplemented with PC remained relatively
low and thus the activation by acidic lipids was near 20 fold.
While the availability of a delipidated enzyme is useful for
investigating the effects of lipids, the low activity of the yPMCA
could reﬂect the higher sensitivity of this enzyme to delipidation by
the detergent during the puriﬁcation. With the aim of protecting the
enzyme from delipidation, the effect of adding exogenous PC during
the puriﬁcation was investigated. The activity of the ePMCA
supplemented with BE just before the measurement of the activity
was nearly the same either when the enzyme was puriﬁed in the
presence or in the absence of exogenous PC. By contrast the activity of
yPMCA supplementedwith BEwas 4.5 times higher when the enzyme
was puriﬁed in the presence of exogenous PC, and attained an activity
similar to that of ePMCA. While this result indicates that the presence
of additional PC during the puriﬁcation protected yPMCA from
inactivation, if the enzyme was not supplemented with acidic lipids
the activity remained low compared to that of ePMCA. Thus even after
supplying exogenous PC during the puriﬁcation, the yPMCA enzyme
was still more responsive to acidic lipids than the ePMCA.
3.3. Thermal stability
The results presented above suggest that the lower activity of the
yPMCAwas not an intrinsic property of the recombinant protein but it
originated from the need of acidic lipids. In order to conﬁrm this
hypothesis C12E10 micelles containing the yPMCA or ePMCA enzymes
were supplemented with BE and their stability was compared by
measuring the residual activity after incubation at increasing
temperatures. As shown in Fig. 3, the thermal inactivation proﬁles
were similar indicating that after the supplementation with acidic
lipids the yPMCA enzyme was as stable as the ePMCA.
3.4. Dependence of the Ca2+-ATPase activity with Ca2+
The apparent Ca2+ afﬁnities of yPMCA and ePMCA were estimated
by following the Ca2+-ATPase activity at increasing concentrations of
Ca2+ (Fig. 4). When supplemented with BE both yPMCA and ePMCA
reached half maximal activity at 0.4 μM Ca2+. As expected in the
Fig. 4. Ca2+ concentration dependence of Ca2+-ATPase activity of the yPMCA (empty
symbols) and ePMCA (ﬁlled symbols) enzymes in micelles of C12E10 with BE (circles)
or PC(triangles). The Ca2+-ATPase activity was measured as indicated in Material and
Methods. The maximum activity attained by each enzyme supplemented with BE
and at saturating concentrations of Ca2+ was taken as 100%. The lines represent the
best ﬁt of the data given by the Hill equation with the following parameters
yPMCA-BE, Vmax=99%±7, K1/2=0.43±0.05 μM n=2.0±0.4; yPMCA-PC, Vmax=5%±7,
K1/2=0.83±3.60 μM, n=1.6±7.5; ePMCA-BE, Vmax=100%±7, K1/2=0.43±0.06 μM,
n=2.1±0.4; ePMCA-PC, Vmax=37% ±7, K1/2=1.47±1.28 μM, n=2.0±2.3.
Fig. 5. Reactivation of delipidated yPMCA and ePMCA by BE (circles) or PC (triangles).
100 μl (1.2 μg) of ePMCA (panel A) or yPMCA (panel B) puriﬁed without additional lipids
were incubated with 0.518% of C12E10 and increasing amounts of BE or PC for 8 min at
4 °C before being added to the ATPase assay medium. The Ca2+ ATPase activity was
determined as described in Material and methods. The Ca2+ concentration was 25 μM.
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apparent afﬁnity for Ca2+ and its maximal activity was about 37% of
that attained in the presence of BE. On the other hand, the activity of
the yPMCA enzyme supplemented with PC was very low and showed
only a minor increase at saturating concentrations of Ca2+. At 50 μM
Ca2+, the higher concentration tested, the maximal activity of yPMCA
supplemented with PC was about 5% of that in the presence of BE.
3.5. Dependence of the activity on the amount of added lipids
Because the experiments presented above were done at a ﬁxed
concentration of detergent-lipid, the lower activity of yPMCA
compared with that of ePMCA could reﬂect a lower afﬁnity of the
former enzyme for lipids. Results in Fig. 5 show the effect on the Ca2+-
ATPase activity of adding increasing amounts of PC or BE to
delipidated yPMCA or ePMCA in micelles of C12E10. The activity of
ePMCA increased with the increase of either PC or BE reaching a
maximum at about 0.3 molar fraction of lipid and then decreased.
With the optimum amount of lipid the activity of ePMCA in micelles
containing PC was about 40% of that in the presence of BE. The activity
of the yPMCA slightly increased with increasing amounts of PC,
without reaching higher that 10% of the maximal activity that was
achieved with optimal amounts of BE. In the presence of increasing
amounts of BE the yPMCA exhibited a remarkable behavior: at low
amounts of BE the activity of yPMCA was low and not signiﬁcantly
different from that attained with PC. Indeed at amolar fraction of BE of
about 0.2 the activity of ePMCA had reached 80% of the maximum
while that of yPMCA was near 10%. However the activity of yPMCA
rose steeply as the molar fraction of BE increased, attaining a
maximum activity at a molar fraction of lipid near the same as the
ePMCA enzyme.
3.6. Formation of the phosphorylated intermediate
The higher sensibility of the yPMCA to delipidation was further
investigated by estimating the total amount of active enzyme by
phosphorylation with ATP in the presence of lanthanum to block
dephosphorylation (Fig. 6). A strongbandcorresponding to the ePMCA's
Ca2+-dependent phosphoenzyme was detected when the enzyme was
supplementedwithBE, but itwas less intensewhen supplementedwith
PC. Similarly, a band corresponding to the phosphoenzyme formed by
yPMCA was clearly observed in the presence of Ca+2+La3+ when the
enzyme was supplemented with BE, while it was barely detectable
when supplementedwith PC. Judging by the intensity of the bands, the
Ca2+-dependent phosphoenzyme formed by yPMCA in the presence of
BE was about 30% of that formed by ePMCA. The lower amount of
phosphoenzyme in the yPMCA is consistent with its lower Ca2+-ATPase
activity and suggest that in the absence of added BE the total amount of
active yPMCA is lower than in ePMCA.Fig. 6. Formation of the phosphorylated intermediate. The delipidated enzymes were
supplemented with either PC or BE as described in “Material and methods” and the
formation of phosphoenzyme was carried out at 4 °C for 180 s in the presence or in the
absence of 100 µM Ca2+ plus 500 µM LaCl3 as indicated on top of each lane.
Table 2
Comparison of the Ca2+-ATPase activity of the yPMCA and ePMCA after the partial
removal of C12E10
Ca2+-ATPase activity (μmol/mg/min)
yPMCA ePMCA
PC 19±5 28±2
PC/CaM 53±2 77±11
BE 100±5 100±10
BE/CaM 99±3 108±13
The delipidated enzymes were supplemented with the lipid indicated in the Table and
the detergent C12E10 was partially removed as described in Materials and Methods. The
Ca2+-ATPase activity was measured in a reaction media containing 3.8 μM Ca2+ for
30 min at 37 °C. When present the concentration of calmodulin was 2 μM. The activities
measured in the presence of BE were taken as 100% and were 6.3 and 8.5 μmol/mg/min
for the yPMCA and the ePMCA, respectively.
Table 3
Comparison of heterologous expression systems and erythrocytes as a source of PMCA
Expression system Expression level (% PMCA/total
microsomal protein)
PMCA activitya
(μmol/mg PMCA
protein/min)
Membranes Puriﬁed
COSa 0.2 2.3b ND
CHOc 0.5 2.8b ND
Sf9/baculovirusd 1.1 18e 1.8f
Sf9/baculovirusg 10 5e ND
Saccharomyces cerevisiaeh 0.05 ND 14.8i
erythrocytej 0.13 30e 7f
erythrocyted 0.1 20e 3.8f
erythrocyteh 0.05 ND 14.8i
a The speciﬁc activities of the PMCA in membranes were estimated taking in account
the abundance of PMCA in the membranes. Except where indicated, the values of
activity are taken from the reported Ca2+ dependent hydrolysis of ATP. ND, not
determined.
b From Ref. [2]. The activity was estimated by measurements of the rate of Ca2+
uptake in microsomal vesicles.
c From Ref. [9].
d From Ref. [8].
e Maximal activity at saturating concentrations of Ca2+-calmodulin.
f Maximal activity of the enzyme in mixed micelles of detergent-PC at saturating
concentrations of Ca2+-CaM.
g From Ref. [12].
h This work.
i Maximal activity in mixed micelles of detergent-acidic lipid mixture of the enzyme
puriﬁed in the presence of exogenous PC.
j From Ref. [18].
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The different Ca2+-ATPase activities of ePMCA and yPMCA when
supplemented with PC may be due in part to the detergent present in
the micelles. We investigated this hypothesis by adsorbing the
detergent with SM-2 Bio-Beads (Table 2). After the treatment the
activity of the yPMCA in the presence of BE was about 70% of that of
the ePMCA when both enzymes were puriﬁed with C12E10 in the
absence of added lipids. The removal of the detergent had even higher
effect on the activity of the yPMCA in the presence of PC. Indeed, in
these conditions the enzyme in PC exhibited about 20% of its maximal
activity and it was more sensible to activation by calmodulin. After the
removal of C12E10 the stimulation by acidic lipids of the yPMCA,
estimated as the ratio between the activity in BE and that in PC,
decreased to a value close to that of the ePMCA.
4. Discussion
4.1. Yeasts as alternative to other expression systems for the PMCA
Yeasts have been used with despair success in the past for the
heterologous over expression of P-ATPases. The highest expression
level of a P-ATPase in S. cerevisiae was reported for the plant plasma
membrane H+-ATPase and with a vector similar to the one used here
[27]. Indeed, the yeast expression system has been recently used to
obtain a truncated mutant of the proton pump from Arabidopsis
thaliana (AHA2) for its crystal structure determination [28]. Similar
constructs for constitutive protein expression were not useful to
express the Na,K-ATPase [29] and the SERCA [31] and high expression
levels of these pumps where only achieved using regulatable
promoters [29,31].
The yeast Picchia pastoris has been shown to produce high levels of
Na,K-ATPase [32]. Interestingly the behavior of the recombinant
enzyme, in particular toward detergents and acidic phospholipids, is
similar to that we observed for the yPMCA. First, it was not possible to
purify the recombinantNa,K-ATPase in an active formby the procedure
used routinely for the renal enzyme presumably because of a higher
sensitivity to detergents. Furthermore, the recombinant Na,K-ATPase
from P. pastoris achieved maximal activity when supplemented with
PSwhile its activity in the presence of PCwas only 25% andwas rapidly
inactivated in a medium containing 100 mM K+.
In Table 3 some of the expression systems that have been used for
the PMCA are compared between themselves and to erythrocytes as a
source of PMCA protein. The ﬁrst successful expression of PMCA was
achieved in COS cells [7]. The activity of the recombinant PMCA
present in these preparations can be assessed by measuring the ATP
dependent Ca2+ uptake from microsomal preparations of transfected
cells. The reaction media is complex and must include inhibitors of
other ATPases and a high concentration of phosphate. In addition the
contribution of the endogenous PMCA from COS cells needs to besubtracted from eachmeasurement. Later, the expression of the PMCA
in insect cells and more recently the stable expression in CHO cells
were reported [8–12].
Compared to the expression in mammalian and insect cells the
level of expressed PMCA in S. cerevisiae membranes was lower and
close to the natural abundance of PMCA in erythrocyte membranes.
However, the yeast exceeds other existing PMCA expression systems
in respect to its easier implementation and the fact that they can be
grown in high quantities at low cost. The high activity of the yeast H+-
ATPase made difﬁcult a reliable measurement of the Ca2+ dependent
ATPase in isolated yeast membranes. Still, the abundance of yeast
membranes allowed us to obtain a puriﬁed preparation of the
recombinant enzyme which in optimal conditions, exhibited a high
speciﬁc activity.
4.2. Mobility of the ePMCA and yPMCA proteins in
SDS-Polyacrylamide gels
It has been suggested that the puriﬁed ePMCA is a mixture of
hPMCA4xb and hPMCA1xb with predominance of the former [13].
However, ePMCA is usually detected as one band by standard SDS-
PAGE, consistently with the predicted molecular mass of both
isoforms differing only in 0.7 kDa. We found that the hPMCA4xb
isoform expressed in yeasts migrated as a protein of a slightly higher
apparent mass than the ePMCA. A similar observation was made with
the hPMCA4xb expressed in COS cells and in insect cells [8] showing
that the difference in migration is not unique of the recombinant
enzyme produced in yeasts. The exact characterization of the ePMCA
at the molecular level is still lacking. While most of the proteolytic
peptides from puriﬁed ePMCA correspond to hPMCA4xb the presence
of the other isoforms cannot be discarded. Moreover, it seems
puzzling that despite repeated efforts ([33]; Cura et al., unpublished
observations), the C-terminus of the hPMCA4xb protein present in the
ePMCA preparation has not yet been conﬁrmed at the protein level. A
plausible hypothesis is that in erythrocytes hPMCA4xb undergoes a
post-translational modiﬁcation involving the cleavage of its extreme
C-terminus near the JA3 epitope. This would decrease the size of the
ePMCA in about 4.5 kDa in accordance with the observed faster
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al. who proposed that the size of isoforms 4b and 3b is post-
translationally decreased by a C-terminal proteolytic cleavage [34].
Because the ePMCA would contain isoforms 4b and 1b, our results
imply that in erythrocytes the latter should be similarly processed.
Because it has been reported that a C-terminally truncated mutant
of hPMCA4xb lacking the last 48 amino acids is as active as the full-
length protein [4], such a modiﬁcation by itself would not explain the
lower activity of yPMCA compared with that of ePMCA. However,
because the C-terminal end of hPMCA4xb contains a PDZ binding
domain, it is plausible that the elimination of this domain change the
particular location of the protein in the membrane and the interac-
tions with other proteins and lipids as well as with the detergents
used during the puriﬁcation of the protein. Further work with
truncated mutants may shed light on this point.
4.3. Effect of detergents and lipids on yPMCA
As the concentration of detergent is raised during the solubiliza-
tion of the membranes some of the stabilizing lipids are displaced
from the ATPase. If exogenous lipids are not added during the
solubilization the enzyme is delipidated. When C12E10 was used for
solubilization, the presence of glycerol prevented the inactivation of
the ePMCA. Glycerol, however, seemed less effective in protecting the
yPMCA. Indeed, if lipids were not restituted prior to the measurement
of the activity the delipidated ePMCA was marginally active while
yPMCA was totally inactive. The addition of BE reactivated both
enzymes and allowed the yPMCA to reach 25% of the Ca2+-ATPase
activity of the ePMCA. In this condition the yPMCA also formed a
lower amount of phosphoenzyme than the ePMCA suggesting that the
amount of active enzyme in the yPMCA preparation was lower.
It has been reported that in puriﬁed preparations of the ePMCA the
maximal steady-state level of phosphoenzyme achieved in the
presence of asolectin and La3+ is only about 30% of the total protein
[35]. At present there is not a satisfactory explanation for the lack of
reactivity toward ATP of most of the puriﬁed PMCA protein. We found
that the incubation of PMCA with acidic lipids increased the level of
phosphoenzyme formed from ATP in the presence of Ca2+ plus La3+,
and this effect was particularly evident in the yPMCA enzyme. The
effect of acidic lipids increasing the amount of phosphoenzyme
formed by PMCA has been noticed before [36], and is clearly different
from their known regulatory effect accelerating the dephosphoryla-
tion [37]. Moreover our results suggest that the lack of acidic lipids
decrease the total amount of active PMCA enzyme, a fact that is
reﬂected in the decrease of phosphoenzyme and ATPase activity.
The loss of function of the yPMCA caused by delipidization during
the puriﬁcation of the proteinwas prevented by using DDM instead of
C12E10 or by adding exogenous PC during the puriﬁcation. It has been
shown also for the SERCA pump expressed in yeast that DDM
preserves the activity better than C12E10 [31]. However, despite the
fact that these conditions improved the maximal activity, the activity
of the yPMCA in the presence of PC was not higher than 10% of the
maximal compared to 40% for the ePMCA. Thus, the addition of PC did
not reactivate the yPMCA enzyme to the same extent as the ePMCA,
and acidic lipids were speciﬁcally needed to restore the activity of
yPMCA. Because the activity of the yPMCA supplemented with PC was
very low, the possibility that it was originated from those PMCA
molecules reactivated by the acidic lipids that may be present as
contaminants of the PC used cannot be discarded. If this were so, it
would imply that acidic lipids are essential for the catalytic activity of
the PMCA. On the other hand, the similar pattern of activity loss at
increasing temperatures observed after the addition of BE suggests
that the intrinsic stability of yPMCA did not differ from that of ePMCA.
It has been shown that phospholipids are necessary for calmodulin
stimulation of the ePMCA and that detergents decrease the activation
[20,26]. These effects are not apparently mediated directly by thecalmodulin-binding site since the delipidated enzyme still binds
calmodulin. On the other hand, following the removal of the
detergents and reconstitution in proteoliposomes the puriﬁed enzyme
regains its sensitivity to calmodulin [20]. Consistently we found that
the removal of C12E10 of yPMCA in PC increased the activation by
calmodulin and increased the relative activity exhibited in the
presence of PC. These results suggest that only after the removal of
the detergent the yPMCA was able to interact efﬁciently with PC. By
contrast the deleterious effect of the detergent was effectively
competed by acidic lipids.
The activation of the PMCA by acidic phospholipids and fatty acids
has been extensively documented using both membrane preparations
and detergent solubilized isolated enzyme [3,36–42] and independent
regions of the PMCA molecule have been proposed to be involved in
the interaction with acidic lipids. One of the sites involved in the
regulation of the PMCA by acidic lipids is the C-terminal autoinhibi-
tory calmodulin-binding (site I). Acidic lipids bind to this site
mimicking the activation produced by calmodulin. In addition acidic
lipids have been proposed to interact with a putative acidic lipid
binding site (site II) in the region that we have previously called AL
located just upstream the transmembrane domain M3 [40]. Further-
more a third site for acidic lipids should be considered since, just as
other membrane enzymes, the function of the PMCA is dependent of
its association with lipids around the hydrophobic portion of the
protein (site III). Indeed, it has been reported that the maximal
stability of the ePMCA is attained when about 80% of the transmem-
brane surface of the protein is covered by a phospholipid mixture
including acidic lipids [41].
Our data clearly show that calmodulin did not replace the
activation of the yPMCA produced speciﬁcally by acidic lipids
suggesting that site I was not involved. Using membrane preparations
of the PMCA it has been proposed that the interaction of acidic lipids
with region AL increase the afﬁnity for Ca2+ without changing the
maximal activity [42]. However the occurrence of this mechanism of
acidic lipid activation in the puriﬁed enzyme after detergent
solubilization has not been proved. In fact we found that in the
delipidated ePMCA and yPMCA enzymes the most prominent effect of
acidic lipids was to increase the total amount of active enzyme. Thus, it
would seem that the interaction of acidic lipids at site II cannot be
responsible for the high activation of the yPMCA. Our data suggest is
consistent with the action of acidic lipids at site III. The reactivation of
the PMCA through the interaction of acidic lipids with the transmem-
brane segments of the protein would be the prevalent mechanism
when the protein is delipidated ie, in the presence of detergents. The
retention of some lipids has been shown to be crucial for stability and
activity of P-ATPases and other membrane proteins, and full delipida-
tion usually leads to the loss of function [43]. Interestingly some of the
phospholipids from the native membrane seem to remain bound to
Na+-K+-ATPase and SERCA after puriﬁcation and lipid-protein contacts
have been deﬁned in their crystallographic structure [44–46]. Our
results indicate that the ePMCA from the erythrocyte membrane is
less sensitive to delipidation than the yPMCA and thus it may retain
some acidic lipids that are lost in the yPMCA during the puriﬁcation of
the protein. Given its strong dependence on these lipids, the yPMCA
seems a promising tool to study the activation mechanism.
As pointed out before, the requirement of speciﬁc lipids is a
relevant factor for the functional expression of membrane proteins in
heterologous expression systems [47]. The lipid composition of the
host's membranes may differ from that of the native membrane. In
addition heterogeneity may arise if not all the expressed protein is
targeted to the same membrane of the host as it has been observed
with different overproducing systems [7,30,48]. The plasma mem-
brane from yeasts does not seem less abundant in acidic lipids than
that from erythrocytes and the major difference in the lipid
composition is the replacement of ergosterol for cholesterol. Although
the relative importance of this difference for the functional expression
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the membrane increasing the order and promoting the appearance of
microdomains. In this respect, it has been reported that depletion of
cholesterol and the consequent disruption of the membrane domain
organization decreases the activity of the PMCA [49]. Moreover, the
presence of the PDZ binding domain [5] may inﬂuence the spatial
organization of the hPMCA4xb protein the membrane changing the
lipidic environment through the interactionwith other proteins. Thus,
while the particular properties of the yPMCA described here may be
related to the speciﬁc lipid environment surrounding hPMCA4xb in
the yeast cell, these results are the ﬁrst measurements of the effect of
lipids on a puriﬁed preparation of a delipidated isoform of PMCA and
hence it is possible that they reﬂect built-in differences in the
response of hPMCA4xb and other PMCA isoforms toward acidic lipids.References
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